The increasing number of patients affected by chronic kidney disease makes it necessary to rely on living donors. However, a patient often cannot exploit her potential donor, due to blood or tissue incompatibility. Therefore, crossover transplantation programs have been developed in several countriesin order to increase the number of people receiving a kidney from a living donor. After reviewing the essential medical facts needed for the subsequent results, we quickly introduce two known algorithms for crossover transplantation. Next, we consider a dataset provided by the Nord Italia Transplant program, and we apply the above algorithms in order to highlight the benefits of these efficient procedures.
Introduction
Although dialysis represents an efficient therapy for the management of end-stage kidney disease, kidney transplantation is the treatment of choice for most patients, due to a strong improvement in quality of life and increased survival advantages.
The shortage of kidneys from deceased donors and longer waiting times make it necessary to look for alternatives. One possibility is living kidney donation: in this case, the patient with end-stage renal disease receives a kidney from a living genetically or emotionally related person. However, a willing donor is often unable to give a kidney to the intended patient because of incompatibilities that would lead to transplant rejection [1] . To overcome immunological barriers and expand the donor pool, new strategies have been introduced, including crossover transplantation (kidney exchange).
So far, despite encouraging results, this procedure has not been systematically applied in Italy. For this reason, we implemented two well-known algorithms for kidney exchange and performed simulations considering a dataset of Italian patients. The aim of this work is to increase the interest in such methods and to provide mathematical arguments that could lead to the extension and the improvement of the kidney exchange program in Italy.
This note is organized as follows. The next two subsections present a concise medical background suited to understanding the main issues related to kidney transplantation. The first one deals with general aspects of transplantation, while the second one focuses on specific characteristics of the kidney transplantation. In a subsequent subsection, we provide the mathematical background to treat the problem, and we briefly illustrate the two methods we shall consider in our simulations.
The second section deals with the description of how we use the dataset to implement the algorithms. The next section provides the results, which are discussed in the final section.
Medical Background
The main obstacle to successful transplantation is usually the rejection of foreign tissue by the host's immune system. ABO blood group incompatibility between donor and recipient represents one of the most common causes of rejection. There are four blood types: A, B, AB, and O, representing different kinds or the absence of carbohydrate chains on red blood cells and vascular endothelium. People are sensitized to non-self chains, and therefore develop special antibodies against them. For instance, blood type O individuals do not express any chain and develop antibodies to both A and B chains: they are called universal donors, but can receive only from the same blood type. Type A or type B kidneys can be transplanted into the same type or type AB patients, while type AB kidneys can only be transplanted into type AB patients [2, 3] .
Another genetic characteristic that plays a key role in the success of a kidney transplant is HLA (human leukocyte antigen) type. HLAs are proteins located on the surface of the white blood cells and other tissues in the body that are different from one person to another. Although there are many HLAs, the A, B, and DR antigens have been identified as having a greater influence on the immune response. Since each person inherits one A, B, and DR antigen from each parent, HLA matching between donor and recipient ranges from 0 to 6: the closer the match, the lower the likelihood of rejection of the graft [2] .
The sensitization of the recipient also represents a contraindication for kidney transplantation. Indeed, if the recipient has developed preformed antibodies against certain HLA antigens of the donor, due (among several other reasons) to pregnancy, previous transplants, or blood transfusions, the transplant cannot be carried out [4] . An immunological test called PRA (panel reactive antibody) is usually performed on patients waiting for a transplant to assess their degree of sensitization. Individuals with a high PRA usually have difficulty in finding a suitable donor [2, 4] . Based upon the distribution of blood groups and recipients' sensitization, it is estimated that more than 30% of living donors are incompatible with their intended recipient, and cannot proceed to living donor transplantation [5] [6] [7] .
Kidney Exchange
The concept of kidney exchange was first proposed by Rapaport in 1986 [8] . After a few successful attempts around the world, in 2004, the Netherlands launched the first national exchange program [9] . Since then, kidney exchange has increased in popularity, and many other countries have developed national programs, including the United States, Australia, Canada, Romania, South Korea, India, the UK, and Italy in 2006 [10, 11] .
In the simplest case (pairwise exchange), kidney exchange offers an incompatible donor-recipient pair the opportunity to match with another incompatible pair and swap donors, allowing each recipient to receive a compatible kidney (Figure 1 ). However, cycles involving more than two pairs are also feasible: the donor of the first pair gives a kidney to the recipient of the next pair, whose donor gives to the recipient of the next pair, and so on, until the donor of the last pair in the cycle gives to the recipient of the first pair. Exchanges involving three or more incompatible pairs usually increase the likelihood that any pair will find a match, but they turn out to be logistically harder to organize, since transplants in a kidney exchange are usually carried out simultaneously in order to prevent a donor from withdrawing after the intended recipient is given a kidney [6] . If a suitable match cannot be found, an incompatible pair can take part in a list exchange, which allows the recipient to receive priority on the deceased donor waiting list by giving one of the donor's kidneys to a recipient on the list (Figure 2 ), but several concerns with regard to the equity of such exchanges have been raised. One of the major concerns is that O blood-type patients whose ABO-incompatible donors donate to the cadaveric pool would get priority over those O blood-type patients who do not have a living donor, regardless of the time spent in the waiting list. Since blood-type O patients usually have the longest mean waiting time for a deceased donor kidney, an already vulnerable group would further be harmed. Even though a few solutions have been proposed, the matter is not completely settled, and this option is so far not available in Italy or in other countries [12, 13] . More recent strategies include non-simultaneous chains of transplants, starting with a non-directed altruistic donor; i.e., a person who wants to donate a kidney to a stranger with nothing in return [5] .
Either way, the fundamental problem is to find the best combination of matches that maximizes the number of transplants, trying to accommodate those patients who are difficult to match.
Mathematical Aspects
From a mathematical point of view, a kidney exchange problem consists of a set of incompatible donor-recipient pairs, a set of compatible kidneys for each patient, and a preference relation over kidneys for each patient. Many algorithms have been developed in the last few years, providing different approaches and solutions. In this section, we outline two of the best-known models for kidney exchange, the priority mechanism and the Top Trading Cycles and Chains mechanism (TTCC).
The priority mechanism, proposed by Roth et al. in 2005 [14] , is based on two main assumptions:
• An exchange can involve only two pairs (pairwise exchange);
• Each patient is indifferent between all compatible donors and between all incompatible donors. The own donor is strictly preferred to any other incompatible donor, and any compatible donor is considered to be strictly better than the own donor (0-1 preferences).
In this case, the kidney exchange problem can be modeled through an undirected graph, where each node indicates an incompatible donor-recipient pair of the pool and connecting two nodes indicates a possible exchange. A matching is a subset of the edges of the graph such that no two edges share an endpoint. Since the goal is to arrange as many transplants as possible, finding an efficient matching reduces to finding a maximum-cardinality matching. Easy examples show that for the same problem there can be several maximum-cardinality matchings that settle different subsets of vertices. Thus, the problem is to select one of them: this can be done through a priority mechanism. In a priority mechanism, the vertices are ranked before the mechanism begins, producing a priority matching which matches as many patients as possible, starting with the one with the highest priority and following the priority ordering, never excluding a higher priority patient in favor of a lower priority one. A priority mechanism produces a matching as follows:
• It considers the set of all maximum-cardinality matchings; • It selects those matchings that assign a kidney to the patient with the highest priority in the priority ordering. Among this subgroup of matchings, it selects those that also match the patient who is ranked second in the priority ordering, and so on.
Taking into account that every patient prefers to get a kidney rather than remain with the incompatible donor, it can be shown that a priority matching is maximal; i.e., it cannot be expanded by adding any other edge, and hence is also Pareto-efficient. Moreover, it makes it a dominant strategy to reveal both the full sets of acceptable kidneys and of available donors [14] , a very important aspect from a game theoretical point of view.
The TTCC mechanism proposed by Roth et al. in 2004, extends some results of the mechanism design literature for indivisible goods [15] . It is characterized as follows:
• There are no constraints on the size of exchanges, and list exchanges are allowed; • Recipients have heterogenous preferences over compatible kidneys, which are supposed to be strict and based on different factors, such as HLA match, donor's age, and so on.
The TTCC mechanism relies on an algorithm consisting of several rounds:
• Initially, all kidneys are available; • In each round, each couple points towards its patient's favourite option (a donor of the pool or a high priority on the waiting list).
There can be either a cycle, a w-chain (i.e., chains in which the last patient points towards the waiting list option), or both. Whenever a cycle is formed, the corresponding transplants are carried out until there are no cycles left, but only w-chains.
-
The algorithm selects one chain following a preselected rule and carrying out transplantations on that chain and so on. Some selection rules and their implications are discussed in [15] .
• At the end of the procedure, the TTCC mechanism assigns each patient a kidney or a high priority in the waiting list for a kidney from a deceased donor.
Once again, the goal is to maximize the number of patients receiving a transplant, but different assumptions obviously lead to different allocations. To point out the major differences between the two methods, we can observe that the assumption of non-dichotomous preferences in the TTCC mechanism allows in principle for increasing the medical quality of the transplants. For instance, a young patient naturally prefers (unless some different criterion is more stringent) a kidney from a relatively young person rather than a compatible kidney from an old person. On the other side, the pairwise kidney exchange is more easily implementable and has the advantage of implementing dominant strategies. Furthermore, it avoids appealing to the waiting list.
Even though in real life, the pool of incompatible donor-recipient pairs evolves over time, both of these algorithms consider a static situation. Dynamic matching mechanisms have recently been studied [16] , but the static approach is more common in the literature and is easier to implement. Moreover, the fact that many national programs perform match runs once per month or once every three months [17] , makes it possible as a first approximation to consider each run as a static problem.
Materials and Methods
A computer model was developed in Python to simulate the impact of the two different options for crossover transplantation summarized above and discussed in [14, 15] . We identified a solution that maximizes the number of patients receiving a transplant when:
• Only pairwise exchanges are allowed (priority mechanism); • There are no constraints on the size of exchanges, and list exchanges are also allowed (TTCC).
Dataset
We conducted simulations based on data from the Nord Italia Transplant program (NITp), considering 38 patients who had been evaluated for a living kidney transplantation but were found to be incompatible with their potential donor in the period 2001-2013. Our data included age, ABO blood type, and HLA type (HLA-A, -B, -DR) of donors and recipients, %PRA and antibody profile of recipients, the reason of incompatibility between donor and recipient, and the transplant center. Patients' and donors' characteristics are summarized in Table 1 . 
Implementation
To implement the priority mechanism, we first determined the compatibility graph by considering the blood type, antibodies, and HLA information of each pair. Donors were considered to be compatible if they were ABO compatible and did not have any of the antigens that the potential recipient had preformed antibodies against. Weights were assigned to the edges of the compatibility graph, according to a priority ordering that gives higher priority to patients with a high PRA level. We then determined the maximum-cardinality matching with maximum weight using the max_weight_matching function of the library NetworkX, which is based on two algorithms created by Jack Edmonds [18, 19] .
As far as the TTCC is concerned, the first step is to determine patients' preferences over the set of donors: we considered not only the blood group compatibility and the presence of preformed antibodies against a donor's antigen, but also the HLA matching and the donor-recipient age difference. A bonus is considered if the donor belongs to the same transplant center as the recipient, or if they have the same blood group or a perfect HLA matching. The scoring system, inspired by the one of Alliance for Paired Donation [10] , is summarized in Table 2 . To select chains, we used a selection rule that chooses the w-chain, starting with the highest priority pair according to a priority ordering based on time spent on the waiting list. Transplants are not carried out until the end of the procedure, giving other pairs the possibility to extend the w-chain. The TTCC mechanism implemented with this chain selection rule is efficient. Moreover, a patient cannot receive a more preferred kidney by misrepresenting their preferences; i.e., the mechanism is strategy-proof [15] . Table 2 . Scoring system for the Top Trading Cycles and Chains mechanism. HLA: human leukocyte antigen.
Condition Points
Points based on age difference between donor and recipient Less than 10 years 3. Blood group identity 0.5
Six HLA antigens matches 6
Results
The results obtained by using the priority mechanism can be summarized as follows ( Figure 3 ):
• Twenty patients are mutually incompatible with any donor, for them there is no way to receive a transplant; • Of the 18 patients left, 16 will be matched, and two will not.
On the contrary, with the TTCC algorithm, the results are as follows ( Figure 4 ):
• Two cycles of three patients each will form; • Seven patients point directly to the waiting list and are not involved in any cycle or chain; • Seven chains will form: three of length two, one of length three, one of length four two of length six; • As a result, 24 patients will receive a kidney from a living donor, and seven will get high priority on the waiting list. 
Discussion
As all data show, there is a dramatic and always increasing number of people needing a kidney transplant. Even if the donation from cadaver could be profitably enhanced, the demand will always be higher than the supply. On the other hand, donation from a living person is possible. Many patients have a potential donor-often a relative-but incompatibility reasons allow only for approximately two thirds of these donations. Thus, an efficient crossover program should be taken into serious consideration. In this paper, we considered the situation of the Nord Italia Transplant program, which provided us with the data of 38 patients and their donors. In our dataset, a significant percentage of patients cannot be matched with any donor. Since incompatibility is not a completely dichotomic issue, it could be interesting to consider the possibility of weakening the constraints. In other words, a cost-benefit analysis could be performed to choose a compromise between the quality of the transplant and the number of people benefiting from a donation. Secondly, in this experiment, we see that the TTCC system looks better than the priority mechanism, as it involves more people.
Certainly, this result does not apply to every dataset, and further studies are required. Our simulation is based on real data; thus, it is interesting from a medical point of view. However, the solutions reported in the results section would have been unfeasible, because patients in our dataset were on the waiting list at different times. Moreover, at the moment, a chain pointing to the waiting list is not allowed in Italy for ethical reasons. One motivation at the basis of this decision is the fact that giving a high priority to some people for being the terminals of the chain will harm those patients not having a related donor [12] , especially those with blood type O, as previously mentioned. The argument is very serious; however, once more a trade-off between individual rights and social efficiency should be considered, because significantly more people will get a kidney when chains are allowed.
To conclude, let us remark that in our analysis, we did not consider the new feature introduced in this context by the idea of good samaritan (i.e., a person donating a kidney to the community expecting nothing in return). Of course, this is a very delicate issue; however, for several reasons, this possibility has been considered, since it has incredible advantages-the most obvious being that starting a procedure with a Good Samaritan does not force contemporary surgeries to be made [6, 7] . Furthermore, this allows for very long chains, usually ended by a person not having a related donor. Successful chains were performed, for example, in the United States in 2012 and in Italy as well in 2015, when six patients received a new kidney taking part in the first italian chain [20, 21] .
Finally, we want to mention some other very recent approaches to the kidney exchange problem, mainly focused on the mathematics dealing with the case when a samaritan donation is present, see [22, 23] .
